INTRODUCTION
Relative humidity (RH) measurement is important for many applications ranging from manufacturing environments to hospitals to commercial and domestic heating, ventilating, and air-conditioning (HVAC) processes. For HVAC applications, a commonly used type of humidity sensor is the thin-film polymer capacitive sensor. These sensors typically consist of a thin film of a hygroscopic organic polymer deposited onto a water-permeable substrate. They operate on the principle that the capacitance of the polymer film changes with absorption or desorption of water, and the measured capacitance can be accurately correlated to the RH of the air. Calibration of these sensors is achieved by exposing the sensing element to a known RH. typically with a saturated sah solution, and measuring the resulting output signal (Greenspan 1977; Bryant and O'Neal 1992) . Integrated electronics usually provide temperature correction, and many sensors have a separate output signal for temperature measurement. These sensors are popular for use in HVAC due to their relatively low cost, bigh dependability, and acceptable accuracy for most applications.
Manufacturers of thin-film capacitive humidity sensors often report the accuracy of their instruments to be around ±2% or 3% at a single-reference temperature, typically between 20°C-25*'C (68°F-77°F). Many manufacturers define the response time of their sensors in terms of a "90% response time," which is the amount of time it takes for their sensor to respond from one RH value to within 10% of a new RH value. Response times on the order of seconds are commonly reported for thin-film capacitive sensors, which are typically based on the transient response of those sensors in still (zero velocity), constant temperature air. Consequently, these types of RH sensors are often used in industrial applications where fast humidity measurement is essential. In addition, several researchers have used capacitive RH sensors to characterize the instantaneous latent performance of air conditioners during transient start-up and shutdown periods (Katipumula 1989; Kim and BuUard 2001; Dooley 2004) . Therefore, knowing how tbe response time of these RH sensors are affected by air velocity and temperature changes would be beneficial to a broad audience. To date, there are no known studies that attempt to address these issues, and that has prompted the current investigation.
The objective of this study was to experimentally determine the effects of air velocity and step changes in RH and temperature on the transient response of thin-film capacitive humidity sensors commonly used in HVAC applications. Resuhs were reported in terms of RH and temperature time constants.
LITERATURE REVIEW
Researchers have reported on the operating principles of capacitive thin-film humidity sensors (Yamazoe and Shimizu 1986; Brownawell 1989; Rittersma 2002) Yamazoe and Shimizu (1986) presented a review and discussion on the operating characteristics of various types of humidity sensors. They provided a detailed overview of capacitive thin-film sensors, showing that the measured capacitance ofthe sensing element is roughly proportional to the ambient RH. Another review of humidity sensing technology was presented by Brownawell (1989) . His review focused mostly on sensors used specifically for HVAC applications and provided some discussion on the accuracy and dependability of capacitive sensors. Rittersma (2002) provided a review of transduction techniques in miniaturized humidity sensors. He pointed out that for capacitive sensors, the use of more porous ceramic dielectrics can enhance sensitivity, but response time can increase due to diffusion effects. His review also indicated that electrode geometry can play a crucial role in the response time of tbe sensor.
Several researchers have investigated the transient response of humidity sensors under fixed conditions (Marchgraber and Grote 1963; Pascal-Delannoy et al. 1997; Kuse and Takahashi 2000; Sorli et al. 2002; Wang 2005; NBCIP 2005) . Pascal-Delannoy et al. (1997) investigated the use of a Peltier module in conjunction with a photodetector as a type of fast humidity sensor. Results of their work sbowed an average response time between 0.25 and 12 s in the range of 15%-70% RH. The response time of a similar device was investigated by Sorli et al. (2002) . They characterized the response time for a humidity sensor consisting of a Peltier module and a refiective sensor. Tbeir investigation focused on the high range of RH (80%-I00% RH), and results from their study indicated that repeatable response times of less than 10 s were possible, Marchgraber and Grote (1963) studied the response of a carbon humidity element exposed to a step change in RH. They reported that the transient response was characterized by a fast initial response followed by a much slower drift toward equilibrium at the new RH. Kuse and Takahashi (2000) investigated the transient response of a tin oxide semiconductor RH sensor exposed to step changes in RH. Their results showed that the response ofthe sensor could be characterized by an exponential curve witb two time constants. Experimental work related to the transient behavior of a standard duct-mounted capacitive thin-film humidity sensor was conducted by Wang (2005) . In his work, be found that the transient response of this sensor could also be characterized by an exponential function with two time constants. He reported that the first time constant was approximateiy 3 s, whiie the second time constant was around IÜO s. A product testing report issued by NBCIP (2005) included response time data for six different commercially available humidity transmitters with sensing elements ranging from the resistive to capacitive type. Results of this study showed that the only capacitive thin-film polymer sensor tested in that study had an average response time of 7.2 s, which was the fastest of all sensors tested. For the response time tests, the sensors were exposed to both "forward" and "reverse" step changes in RH. but the affects of air velocity and temperature changes on the sensor response time were not considered.
Experimental Facility
A test section was designed and built that was capable of exposing duct-mount humidity sensors to a step change in RH and temperature at different duct air velocities, The test section consisted of two parallel ducts of rectangular cross section that shared a common wall. A schematic of this test section is shown in Figure 1 .
Ducts were constructed of 0.25 in. (6.35 mm) thick acrylic glass. Two separate airstreams were fed into the test section from isolated sources, each with a different RH. A series of instrumentation ports allowed reference RH sensors and velocity probes to be inserted into each duct. The main insertion point for the test humidity sensor was on the outer wall of Duct A (Figure 1 ). The test sensor was exposed to the airstream in Duct B through an access point located in the common wall between Ducts A and B. This access point was configured with a sealed spring-loaded trap door that was actuated by the test sensor. By extending the test sensor through the trap door, the sensor was exposed to the airstream in Duct B and isolated from the airstream in Duct A (Figure 2a) . A soft foam gasket located in the center of the trap door was used to maintain a seal between Ducts A and B. A similar gasket was used at the sensor insertion point on the side of Duct A. To expose the test sensor to a step change in RH, the sensor was pushed (or pulled) by hand from one duct to another (Figure 2b The test section was located in a conditioned room approximately 15^15 ft (4.6><4.6 m). Flexible aluminum ductwork was connected to the inlet and outlet of each duct in the test section. Airflow through Duct A was taken from and discharged to the interior ofthe room. Airflow through Duct B was taken from and discharged to the environment outside ofthe room in a duct-loop that was isolated from the room air ( Figure 3 ). An I 100 W electric heater was placed at the inlet of each duct to control the air temperature difference between the ducts as needed. Airflow was induced in eaeh duet with an axial blower rated at approximately 400 ft^/min (11.3 m-'/min), Duct air velocity was modulated by a silicon-controlled rectifier (SCR) used to manually adjust the speed of each blower.
The two humidity sensors used in this study were denoted as Candidate X and Candidate Y. Both sensors had thin-film capacitive humidity sensing elements with built-in temperature sensors and separate output signals for RH and temperature. The temperature sensors used in the Candidate X and Y test sensors were 1000 and 100 fi platinum resistance temperature detectors (RTDs). respectively. In addition to the RH and temperature measured by each test sensor, a 30-gauge type-T thermocouple was mounted on the surface of each test sensor near the sensing element to provide a reference temperature measurement. The reference RH sensors (Figure 3 ) used in each duct were identical to the Candidate X test sensor. All sensors were brand new at the onset of this study, and each was shipped with a factory calibration certificate. The pertinent specifications reported by the manufacturer of each sensor are shown in Table I .
The duct air velocity was measured with two identical thermal anemometer probes, one in each duct. The anemometers were calibrated with a pitot-static pressure measurement in a low-speed wind tunnel. A secondary cheek was performed by measuring the air velocity in one duct with both probes side by side; the probes agreed to within 2% of their measured values in all cases.
The humidity and temperature output signals from the reference and test sensors were monitored and recorded by a high-speed computer data acquisition system. Data were recorded in one-second intervals.
I

EXPERIMENTAL METHODOLOGY
The first step in the testing procedure was to establish the air velocity in each duct for a given experimental run. Before the run., the test sensor was extended into the appropriate duct, and the air velocity in each duct was set to the desired value by adjusting the speed ofthe blowers with the SCR controllers. When the air velocities in both ducts were equal and stable, the system was allowed to run for at least ten minutes to reach steady state. When the appropriate duct reference RH sensor and the test sensor readings agreed to within 2% RH. data collection began. The test sensor was quickly moved into the adjoining duct, subjecting it to a step change in conditions. When the test sensor reading settled to within 2% RH of the new duct's reference RH sensor reading, data collection was stopped and the test was considered complete.
EXPERIMENTAL TESTS
For all tests, the test sensors were exposed to step changes in RH between 20% and 40%. Tests were conducted for duct air velocities of 0,200,500, 800, and 1100 ft/min (0, 1.0,2.5,4.1, and 5.6 m/s).
To study the effects that temperature variations had on the sensors for a given step change in humidity, tests were conducted for step changes in air temperatures (dry-bulb) of 0°F (isothermal). 9°F. and 18°F (0°C, 5°C, and 10°C). For each of the three step changes in air temperature, tests were conducted for five duct air velocities.
To investigate the difterences between exposing the test sensors to a positive (absorption) or negative (desorption) step change in humidity, two RH step change tests were conducted for each temperature step change and duct air velocity condition. One test consisted of moving the sensor from a lower humidity to a higher humidity airstream (positive RH step change) and the other consisted of moving the sensor from a higher-humidity to a lower-humidity airstream (negative RH step change). In all. a total of 30 tests were conducted on each sensor. The testing hierarchy for a single test sensor is summarized in Table 2 .
A consequence of the test section configuration was that whatever the direction ofa given RH step change, the temperature step change was opposite. For example, when the RH step change was positive, the temperature step change was negative. This occurred hecause throughout this study the lower humidity airstream was located in Duct B where the source air was always warmer than the conditioned air used in Duct A ( ESL-PA-08-09-01
where RHfT) is the RH as a function of time; RH, is the initial RH at time t = 0; ARH = |RH.-RHj , which is the absolute value of the RH step change; RH^ is the final RH as / -> CO ; T,^^ is the time constant for the RH sensor; T(t) is the sensor temperature as a function of time; T) is the initial temperature at time t = 0; AT = \T--Tji, which is the absolute value of the temperature step change; 7) is the tlnal temperature, as /-+«>; and i^-is the time constant of the temperature sensor. For a negative step change in RH or temperature, the relationship between RH, temperature, and time is of the following form:
where the variables are the same as those defined for Equations 1 a and 1 b.
!n the present discussion, it should be noted that the terms time constant and response time are used to denote two different quantities. The RH and temperature time constants T^^ and x-jused in Equations 1 and 2, are defined as the amount of time required for the initial RH or temperature reading to change by 63.2% toward the final value. However, the manufacturers of the sensors used in this study report the response time of their sensors based on a 90% change in measured RH. Because a range of duct air velocities and two different temperature step changes were considered in this study, a more general analysis is provided by considering the time constants of each sensor {z^f^ and T^) as opposed to 90% response times. Given the appropriate time constant for a particular test run, the corresponding 90% response time for a particular sensor can be calculated from Equations 1 or 2 by solving for / when KW(t) or T(t) changes to within 10% of the appropriate final value. Equations 1 or 2 can be reduced to a more simplified form to yield the 90% response time for RH or temperature as a function of the known time constant;
where the subscript, K , is used to denote the appropriate RH or temperature time constant of interest.
Results of the nonlinear regression analysis applied to the data presented in Eigures 4 and 5 showed that the RH and temperature time constants for the Candidate Y sensor under Test 19 conditions were T^J = 47 S and tj. = 113 s, respectively. Similarly, the time constant for the attached thermocouple was found to be r^ J^. ^ 4.5 s. Using Equation 3 and the data presented in Figure 4 , the 90% RH response time of the Candidate Y sensor under Test 19 conditions was ' <)0% ^ 108 s. By contrast, the 90% RH response time for the Candidate V sensor was reported to be approximately 20 s (Table I ) by the manufacturer.
DATA REDUCTION AND ANALYSIS
For a given test run, the RH and temperature in each duct varied by as much as ±3% and ±2°F (±1°C), respectively. To account for this small drift in RH or temperature., all transient RH and temperature response data for the test sensors were normalized as RH^^" and
RH.
( 4) and (5) where RH^^.^, is the instantaneous RH measured by the test sensor at any time /, RH, is the RH measured by the test sensor at the start of a test (at time t = 0), and RHy^is the instantaneous RH measured by the reference sensor in the final duct (Duct A or Duct B, depending on where the test sensor is located after actuation). Similarly. 7",", is the instantaneous temperature measured by the test sensor, T¡ is the temperature measured by the test sensor at the start of a test, and 7y is the instantaneous temperature measured by the reference sensor in the fmal duct. The values of RH""^ and T"^rm ^^ry from unity at the onset of a given test toward zero as the test sensor approaches equilibrium with the airstream in the fmal duct. As an example of the results yielded by normalizing these data-the normalized transient RH and temperature response for the Candidate Y sensor for duct air velocities of 200, 500, 800. and 1100 ft/min (1.0, 2.5. 4.1, and 5.6 m/s)-an average positive RH step change of about 30%, and a negative temperature step change of 9°F (5°C) are presented in Figures 6 and 7 , respectively. Based on the testing hierarchy shown in Table 2 , the normalized data presented in due to even larger lime scales involved with the zero air velocity data, they were not included in these plots. Those data are analyzed and discussed later. Figures 7 and 9. These trends were observed for all tests and, in genera!, as duct air velocity increased, the RH and temperature time constants of the test sensors decreased. The two horizontal dashed lines shown in Figures 6-9 indicate the value on the ordinate axis where the normalized RH and temperature values correspond to the time constant and 90% response time of the Candidate Y sensor. For the nonnalized data shown in Figures 6 -9 , the RH or temperature time constant can be directly observed as the amount of time it takes the normalized data to decrease to a value of 0.368 for a given duct air velocity. Of particular interest in Figures 6 and 8 is the RH time constant for a duct air velocity of 1100 ft/min (5.6 m/s), which is seen to be about 46 s. This time constant is in good agreement with the RH time constant calculated from the nonlinear regression analysis conducted on the original transient data presented in Figure 4 (47 s). For all tests conducted, similar agreements existed between the calculated and observed RH time constants for both sensors. This provided confidence that the RH sensing elements in both test sensors responded in a predominantly exponential fashion, as predicted by Equations la and 2a, for the range ofoperating conditions considered in this study.
The RH 90% response time can also be directly observed in Figure 8 as the amount of time required for the normalized RH to decrease to a value of O.I. A notable discrepancy is that the 90% RH response time observed for the 1100 ft/min (5.6 m/s) normalized data in Figure  8 The regression-derived temperature time constant for the data presented in Figure 5 ( 113 s) was less than the value observed in Figure 9 (131 s). This difference occurred because the temperature sensing element in the RH sensor did not necessarily change exponentially over the entire duration of a given test run. A closer iook at the test sensor temperature response data in Figure 5 shows that for the first ten seconds of the test run, the temperature reading was nearly invariant with time. It was only after this initial "lag" time that the sensor's temperature reading began to decay exponentially toward an asymptote in accordance with Equation 2b. This lag time effect was typically observed in the temperature data for both test sensors, particularly at lower duct air velocities. These findings suggest that the transient response ofthe temperature-detecting element in both test sensors may be better characterized by an exponential function with more than one time constant, as discussed by Wang (2005) .
Figures 6-9 show that the transient RH and temperature response ofthe Candidate Y sensor was considerably slower for the 200 ft/min (1.0 m/s) test condition than for the other conditions considered. In fact, the sensor response for this particular test run was so slow that data collection was terminated before the normalized temperature decreased to a value of 0.368. As a result, no temperature time constant was recorded for this test condition. This occurrence was exclusive to the Candidate Y sensor for the 200 ft/min ( 1.0 m/s) test condition described in Figures 6-9 only; it was not observed for any other tests conducted in this study.
To adequately capture the effect of temperature lag time, as well as account for any drift in the reference sensor readings over the course of a given test, the normalized data were used exclusively to quantify the RH and temperature time constants of the test sensors for al! test runs. Where applicable to the discussion, the 90% RH response times were determined from the normalized data.
RESULTS AND DISCUSSION
For Tests I-IO (Table 2 ), the step change in air temperature was zero. The RH time constants of both test sensors as a function of duct air velocity for these tests are shown in Figure 10 . These data indicate that the transient responses of both candidate sensors were rapid, with time constants typically below 20 s. In addition, the duct air velocity had little affect on the transient response of the test sensors. The largest time constant measured for the Candidate X sensor was With the exception of one data point, the response of both sensors was usually faster for a negative RH step change than a positive RH step change. However, the differences were often within the experimental uncertainty (see Appendix A).
RH time constants versus duct air velocity for both test sensors at Isothermal
The remaining tests conducted on each test sensor were the same as those for Tests 1-10, except that a step change in air temperature was introduced. For Tests 11-20, a temperature step change of Ç^F {5°C) was used. For Tests 21-30. the temperature step change was increased to 18°F (lO'^C). The RH and temperature time constants as a function of duct air velocity for the Candidate X sensor measured in Tests 11-30 are shown in Figures 11 and 12 , respectively. The same data for the Candidate Y sensor are presented in Figures 13 and 14 , respectively.
The impact of a simultaneous RH and temperature change on the transient response of both sensors was dramatic (Figures 11-14) . For example, the RH time constant of the Candidate X sensor jumped from less than 6 s for the isothermal case to as high as 630 s for a negative step change in temperature (positive step change in RH). Figures 11-14 also show that under nonisothermal conditions, the RH and temperature time constants were dependent on duct air velocity. The tines of best fit included in these plots highlight the general trend that, as duct air velocity increased, the RH and temperature time constants of both sensors decreased asymptotically toward constant values. Figure 11 shows that the RH time constant of the Candidate X sensor was affected by the direction of the RH step change, especially for lower air velocities. For positive RH step changes, which corresponded to absorption in the RH-sensing element, the RH time constant at zero velocity was. on average, about 350 s longer than for the case of negative RH step changes. As duct air velocity increased, the differences between positive and negative RH step changes decreased, but even for the highest velocities considered, the positive RH Figure 12. Candidate X temperature time constants versus duct air velocity for two air temperature step changes.
step change tests yielded RH time constants that were, on average, about 50 s greater than their negative counterparts. In addition, for all duct air velocities greater than zero, these data indicate that the magnitude of the temperature step change had little affect on the RH time constant of the sensor. According to the results of a regression analysis, for duct air velocities greater than about 400 ft/min {2.0 m/s), the RH time constant of the Candidate X sensor was essentially invariant with velocity. Figure 12 indicates that the temperature time constant of the Candidate X sensor was similarly affected by the direction of the RH step change. Like the RH time constant, the temperature time constant for positive RH step changes at zero velocity was, on average, about 170 s greater than for negative RH step changes. The temperature time constant was greater for positive RH step changes than for negative RH step changes, with a difference of about 50 s, resulting as the asymptotic values were approached. Similar to the RH time constant data, the temperature time constant for the Candidate X sensor was observed to be constant for velocities above 400 ñ/min (2.0 m/s).
In general, the data profiles of the Candidate Y sensor shown in Figures 13 and 14 are similar to those of the Candidate X sensor, with a few notable exceptions. First, unlike the Candidate X sensor, the RH time constant for the Candidate Y (Figure 13 ) sensor does not show a consistent dependence on the RH step change direction. In addition, the RH and temperature time constants of the Candidate Y sensor were determined to be invariant with duct air velocity for velocities greater than about 750 ft/min (3.6 m/s). Furthermore, as previously discussed, no temperature time constant was reported for the 200 ft/min (1.0 m/s) test conducted for a positive RH step change and 9°F (5°C) temperature change shown in Figure 14 . This occurred because the temperature time constant could not be measured from the normalized temperature data for those conditions due to the very slow response of the temperature sensor (see Figures 7 and 9 ).
In almost all cases, the temperature time constants for both sensors were greater than their respective RH time constants. The relationship between the RH and temperature time constants for both sensors and all applicable test runs is shown in Figure 15 . Figure [5 shows that for the majority of tests conducted in this study, the temperature time constant was between 15% and 50% larger than the corresponding RH time constant for both test sensors. The relative data scatter in Figure 13 indicates that the magnitude ofthe step change in temperature did not have a discernible affect on the correlation between the RH and temperature time constants. However, the tighter grouping ofthe negative RH step change data (filled data markers) compared with the positive RH step change data (unfilled data markers) suggests that the RH and temperature step change directions (recall that for this study, the RH and temperature step change directions were always opposite) may have had some effect on the interaction between the RH and temperature-sensing elements in both test sensors. Considering that the sensors responded much faster under the isothermal conditions, and also considering the strong correlation between the RH and temperature time constants shown in Figure 15 . it is apparent that the transient response of the temperature element used in each sensor plays a major role in overall transient performance.
SUMMARY AND CONCLUSIONS
To characterize the transient response of thin-film capacitive humidity sensors under a range of duct air velocities, an experimental apparatus was designed and fabricated that was capable of exposing test sensors to step changes in RH and temperature. An experimental procedure was developed that quantified the RH and temperature time constants of two brand name humidity sensors (Candidate X and Candidate Y) at various duct air velocities. These time constants were based on a 63.2% overall change in normalized RH and temperature data between two distinct testing conditions. Several conclusions can be drawn from the results of this study:
1. Use of these thin-film sensors in applications where fast humidity measurement is required is not recommended when rapid changes in both temperature and RH are expected. The impact that temperature changes have on the transient performance of these types of sensors makes them unsuitable for measuring fast (less than one minute) changes in humidity. Under nonisothermal conditions, the transient response of both test sensors was significantly slower than for isothermal conditions, with time constants extending to as long as 630 s (Figures  11-14) .
2. For all tests conducted with a step change in air temperature present, the RH and temperature time constants of both test sensors decreased asymptotically toward a constant value with increasing duct air velocity. The "cutoff velocities, above which the time constants no longer Figures  ! 1 and 13) , the overall response of both sensors, even at the highest air velocity considered, was still much slower than for the isothermal cases. Thus, increasing air velocity does not provide any overall benefit to sensor performance when fast humidity measurement is required. 3. The direction ofthe RH step change appears to have played a minor role in the transient response ofthe sensors. A negative RH step change resulted in at least a 50 s faster response in the RH and temperature perfonnance ofthe Candidate X sensor. The temperature response ofthe Candidate Y sensor showed a similar increase in perfonnance for the negative RH step change. This finding suggests that these sensors' overall transient performance may be somewhat dependent on the nature ofthe heat and mass transfer processes occurring in the sensor, such as diffusion direction, moisture migration, and sensing elements' heating and cooling. 4. The response times reported by manufacturers should only be used as a guide for the isothermal application of these types of sensors. The data collected here indicated an isothermal response time for the Candidate X sensor that was in general agreement with the manufacturer's reported value. However, the isothermal response time for the Candidate Y sensor was found to be about twice that reported by that manufacturer.
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The test sensors used in this study were new, factory-calibrated sensors that were shipped with calibration certificates. The RH and temperature accuracies of these test sensors, reported by the manufacturers, are shown in Table Al .
The accuracies reported in Whereas for the Candidate Y sensor:
Using the appropriate sensor uncertainties along with the transient data for each test run. the uncertainty in each normalized RH and temperature data point was calculated with Equations A4 and A5, respectively. To understand how the uncertainty of the normalized data Influenced the uncertainty of the sensor time constants, the normalized transient RH data and uncertainty interval for the Candidate Y sensor for Test 19 (Table 2) is presented in Figure Ai . These data are identical to the 1100 ft/min (5.6 m/s) profile shown in Figures 6 and 8 .
The uncertainty associated with each RH or temperature time constant determined in this study was reported with the erTor bars presented in Figures 11-14 . These error bars were detennined by calculating the amount of time required for the upper and lower bounds of the normalized data uncertainty interval to decrease to a value of 0.368. As illustrated in Figure A I . the Intersection of the horizontal line given by RH^y^^= 0.368 with the normalized transient profile established the value ofthe RH time constant ( TJ^^^ ). The intersection of this line with the upper and lower bounds of the uncertainty interval determined the maximum ( TRH + e"^ ) and minimum ( Xj^,, -g-) extents ofthe time constant uncertainty interval, respectively. Due to the shape ofthe normalized transient profiles, the relative time constant uncertainties, c^ and c", were not equal; £* was greater in magnitude than e-for all tests. As a result, the error bars displayed in Figures 11-14 were asymmetric. The accuracy of velocity measurements made by the thermal anemometer probes was reported by the manufacturer to be ±3% ofthe reading or ±3 ft/min (0.02 m/s), whichever was greater. The calibration of these probes was verified in a low-speed wind tunnel with a pitot tube static pressure measurement made with a precision liquid micromanometer. Results ofthe calibration check showed that for the range of velocities considered in this study, the velocity probes provided accurate and repeatabie measurements. Taking into account the uncertainty associated with the pitot tube verification, the total uncertainty in the duct velocity measured by the thermal anemometer probe was estimated to be approximately ±5% ofthe measured velocity. For the maximum duct velocity of 1100 ft/min {5.6 m/s) used in this study, this represented an uncertainty interval of ±55 ft/min (±0.28 m/s). Although seemingly large, especially for the higher velocities, a sensitivity analysis showed that the uncertainty associated with the air velocity measurements did not have an impact on the uncertainty ofthe time constants.
The rate at which data was collected electronically was very slow (one second) compared to the speed at which the computer and data acquisition system operated (microseconds). Therefore any time measurement error associated with data acquisition was assumed to be negligible. In addition, any offset error resulting from the selection ofthe start time (i -0 s) for a given test was not considered.
